Growth-related skeletal diseases in young horses have been associated with high planes of nutrition, although the mechanisms underlying such an association have not been determined. It is likely that nutrition-induced effects on growth rate or growth quality involve the endocrine system. Hormonal and metabolic responses to the ingestion of meals containing either 80% (diet A) or 160% (diet B) of National Research Council energy and protein recommendations were examined in eight Thoroughbred weanling horses after 3 wk of dietary adaptation. After 24 h fasts, prefeeding serum concentrations of thyroxine (T4) and insulin and plasma concentrations of glucose, total protein, total triglycerides, creatinine, Ca and P were similar regardless of which diet the horses had been consuming. Serum cortisol concentrations were higher (P<.05) in horses when fasted from diet B. Thyroxine, insulin and glucose concentrations increased during ingestion of both meals. During the first hour after ingestion of diet A, Ta concentrations increased to about 150% of fasting concentrations, whereas after diet B, T4 concentrations decreased to about 85% of fasting concentrations. Concentrations of T4 were not different from fasting concentrations 4 h after the ingestion of both diets. Glucose concentrations increased during the first hour postprandially, from about 105 mg/dl to about 165 mg/dl. However, glucose decreased more rapidly after ingestion of diet B. Serum insulin concentrations increased more rapidly after ingestion of diet B.
Introduction
Selection of young horses is often biased in favor of rapid early growth. However, growth quality is often sacrificed for increased growth rates. Growth-related skeletal disease is becoming increasingly common and can permanently impair the performance, productivity and value of a horse (Rooney and New Castle, 1977) . Clinical and field experience suggest that high energy and protein intakes are associated with the development of skeletal disease in horses (Stromberg, 1979; Lewis, 1982) and swine (Fammatre et al., 1977) . However, few controlled studies have properly evaluated this association.
It is likely that nutritional effects on bone and joint integrity are mediated by endocrinologic responses to the ingestion, absorp-658 JOURNAL OF ANIMAL SCIENCE, Vol. 59, No. 3, 1984 tion and metabolism of nutrients, rather than by the abilities of any specific nutrients to directly cause limb abnormalities. Many hormonal factors either stimulate, inhibit or disrupt longitudinal and cortical bone growth, especially growth hormone, thyroxine, insulin and cortisol (Daughaday et al., 1975) . The secretion rates of several of these hormones are affected by the ingestion of meals by animals (Blum et al., 1980; Gurr et al., 1980; Godden and Weekes, 1981; Dauncey et al., 1982) and humans (Burman et al., 1979) . The specific nutrient composition of a meal also affects postprandial concentrations of thyroxine, insulin and cortisol in pigs (Ingram and Evans, 1980) , rats (Edozien et al., 1978) and humans (Azizi, 1978) . Furthermore, serum insulin concentrations have been shown to be positively correlated with hepatic conversion of thyroxine (T4) to triiodothyronine (T3; Gavin and Moeller, 1983) . With the exception of the effects of dietary or injected glucose on insulin concentrations (Ralston et al., 1979; Ralston and Baile, 1982) , these nutrient-hormone interactions have not been studied in horses. Therefore, a study was undertaken to investigate the effects of high and low levels of dietary energy and protein on the postfeeding concentrations of the major growth-related hormones and of the metabolites most intimately associated with these hormones in weanling Thoroughbred horses.
Experimental Procedures
Eight weanling Thoroughbred foals between 6 and 8 mo of age were paired by age and assigned randomly to two groups of four animals. In a cross-over arrangement (Cochran and Cox, 1957) , the foals were fed corn and pelleted hay-concentrate feeds (table 1) at either 80% (diet A) or 160% (diet B) of NRC (1978) energy and protein recommendations for weanling horses (table 2) . During the first of two adaptation periods, one group of horses was fed diet A and the other group was fed diet B for 3 wk. The diets were exchanged for the second 3-wk period. During this study the animals were housed in 4-m 2 box-stalls and were turned out into a dirt exercise lot daily. The diets were fed twice a day, morning and evening. Water and a salt block were available to each horse ad libitum.
At the end of each adaptation period the horses were fasted for 24 h and jugular venous blood samples were drawn. The horses were then fed and observed until the end of the meal, which was defined as 5 min after either all feed was consumed or a horse had walked away from any remaining feed. In all cases, less than 10% (usually none) of the feed remained. Any remaining feed was then removed and venous jugular blood samples were drawn 0, .25, .5, 1, 1.5, 2, 3, 4, 6 and 8 h after the end of the meal. Serum and plasma fractions were separated and stored frozen at -4 C. Feedstuffs were analyzed for their contents of dry matter (AOAC, 1970), total energy (bomb calorimetryS), N (Kjeldahl procedure; AOAC, 1970), neutral detergent fiber, acid detergent fiber, cellulose and hemicellulose (Goering and Van Soest, 1970) , Ca (atomic absorption .spectrophotometry 6) and P (colorSModel 1221 adiabatic bomb calorimeter, Parr Instrument Co., Moline, IL.
6Perkin_Elmer Model 503 atomic absorption spectrophotometer, Perkin-Elmer Corp., Norwalk, CT.
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11Technicon Autoanalyzer Method N-1 l b, Technicon Corp., Tarrytown, NY. imetryV). Plasma samples were analyzed by colorimetric procedures for their contents of glucose s, total protein 9, total triglycerides 1~ creatinine 11 and pV. Plasma Ca contents were determined by atomic absorption spectrophotometry 6. Serum concentrations of thyroxine (T4), insulin and cortisol were determined by equine-validated radioimmunoassays (Reimers et al., 1981 (Reimers et al., , 1982 . The data from the two groups were pooled by diet and analyzed by analyses of variance for repeated measurements (split-plot) with a cross-over design (table 3) using the Statistical Analysis System computer package (SAS, 1979) . This method of analysis accounted for between 61 and 88% (P<.0001) of the total variability for the hormones and for between 34 (P<.01) and 62% (P<.0001) for the other variables. When significant diet or sampling time effects were observed, individual means were compared by the application of Tukey's honest significant difference test (Steel and Torrie, 1960) .
Results
The animals adapted to the diets easily. The only notable observation was that their feces were especially watery and loose, as would be MS (sampling time)/MS error MS (diet X sampling time)/MS error expected when horses are fed diets of such small particle size. Accordingly, the horses inbibed unusually large amounts of water daily. During the relatively short course of this experiment, the animals remained in good condition, exhibiting no signs of malnutrition or overnutrition. The time required for consumption of the test meals varied from 45 to 75 min and was directly related to the amount of feed given, but not necessarily to diet level.
Period effects were not significant for insulin, cortisol, glucose, creatinine, total triglycerides and P. Individual period means were therefore pooled for these variables.
Thyroxine. Serum T 4 concentrations tended to be lower in all animals at all times after feeding during the second period than they had been during the first (table 4; Period effect, P<.05). The decreases between periods were significant only 1.5, 2 and 3 h after ingestion of diet B. Accordingly, T4 data were also pooled over periods for ease in interpretation (table 4, figure 1). Fasting serum T 4 concentrations were not affected by diet or period. Pooled mean T4 concentrations reached their maximums during or at the end of feeding. Thyroxine concentrations increased significantly during the ingestion of diet A, reaching 33.0 ng/ml at meal completion (P<.05), and remained elevated above 30.0 ng/ml for 3 h (P<.05). Thereafter, they decreased to levels slightly higher than those at prefeeding. Upon completion of the meal of diet B, T 4 concentrations averaged 25.6 ng/ml. They then decreased to 20.5 ng/ml at .5 h, and remained below 23.0 ng/ml through 8 h. The changes in T4 concentrations exhibited different patterns after the ingestion of the two diets (time after meal completion x diet interaction, P<.01). Over both periods, thyroxine concentrations were higher (P<.05) after diet A than after diet B at .5, 1, 1.5, 2 and 3h.
Cortisol. Prefeeding cortisol concentrations
(figure 1) were higher in the animals when fasted from diet B (60.8 ng/ml) than when fasted from diet A (48.7 ng/ml; P<.05). Serum cortisol concentrations decreased in all foals after feed{ng but were higher (P<.05) after diet B than after diet A at 0, .25 and .5 h after meal completion.
lnsulin. Insulin concentrations were the same before feeding regardless of diet (1.6 #IU/ml) and increased during and after the meals (figure 1). Insulin concentrations peaked 2 h sooner and began to decline 2 h sooner in the horses when fed diet B (time after meal completion x diet interactions, P<.01). Average insulin concentrations were at their maximum 3 and 4 h after ingestion of diet A while they were rapidly decreasing 3 and 4 h after ingestion of diet B (P<.05). By 8 h, insulin concentrations had decreased to prefeeding values in all animals.
Glucose. Dietary level did not significantly affect plasma glucose concentrations (figure 1), which increased rapidly during feeding and for 1 to 1.5 h after meal completion and then decreased rapidly to fasting levels. Plasma glucose concentrations tended to peak later and to remain elevated longer in the horses after eating diet A, but time after meal completion z diet interactions were not significant (P>.62).
Other Metabolites. The plasma concentrations of creatinine, total triglycerides, total protein, Ca and P were not different after the two diets at any time, nor were they affected by the ingestion of the meals (table 5) . Figure 1 . Serum concentrations of thyroxine, cortisol and insulin and plasma concentrations of glucose in weanling Thoroughbreds before and after ingestion of meals providing 80% (e--e) or 160% (o--o) of NRC energy and protein recommendations (PF = after 24-h fast, just before feeding). Means are pooled over periods 1 and 2; n = 8.
Discussion
The fasting concentrations of these hormones and metabolites were within the normal ranges previously reported for weanling Thoroughbreds (Sate et al., 1978; Lumsden et al., 1980) . The lack of effects of meal consumption on concentrations of creatinine, protein and triglycerides in the horse is consistent with previous reports (Knudsen, 1959; Ralston et al., 1979; Rogers et al., 1981; Frank et al., 1983; Ott and Asquith, 1983) . The failure of meal consumption to change Ca and P concentrations is similar to pre-and postmeal homeostasic physiology that has been reported to occur in pigs (Cooper et al., 1978) .
Increases in serum T4 concentrations during and shortly after meal consumption have been reported to occur in sheep (Blum et al., 1980; Godden and Weekes, 1981) , pigs (Gurr et al., 1980; Dauncey et al., 1982) and humans (Burman et al., 1979) . Although Ingram and Evans (1980) reported no effect of meal consumption on T4 concentrations in young pigs after a 12-h fast, they concluded that any changes in T4 secretion or utilization rates will be highly dependent on the sizes and caloric densities of the meals. Evans and Ingram (1977) , Ingram and Kaciuba-Uscilko (1977) , Ingram and Evans (1980) and Blum et al., (1980) reported increases in T4 secretion rates in growing pigs after increases in the amount and energy content of meals. Danforth et al. (1979) reported a similar finding in humans. Ingram and Evans (1980) also measured a 15% increase in the T4 utilization rate when the energy content of a meal fed growing pigs was doubled. The changes in T4 concentrations observed in this study suggest that meal ingestion results in increased T4 secretion in young horses. The ingestion of diet B also appeared to accelerate the subsequent decrease in serum T4 concentrations.
Accelerated disappearance of T4 may be related to the secretion rate of insulin (Gavin and Moeller, 1983) . Evans et al. (1974) reported that in horses, peak insulin concentrations occurred 4 h after the consumption of a typical meal. The data concerning insulin responses to diet A are consistent with that report. However, insulin concentrations peaked 2 h earlier in response to diet B. Earlier activation of insulininduced hepatic T4-5'-deiodinase (Gavin and Moeller, 1983) would have increased the rate of T4 conversion to triiodothyronine (T3; Gavin et al., 1981) . The resulting increase in serum T3 concentrations (Ingrain and Evans, 1980; Utiger, 1982) would have acted to inhibit TSH and T4 secretion (Utiger, 1982) . Danforth et al. (1979) have observed decreased pituitary sensitivity to thyrotropin releasing hormone injection in overfed humans. By such mechanisms, a meal excessive in calorie and protein content could result in the failure to exhibit transient postprandial hyperthyroxemia.
It is also possible that the effects observed in this study could reflect endocrine adaptation (pancreatic hypersensitivity and thyroid hypofunction) resulting from 3 wk exposure to diet B, rather than acute postprandial responses. However, such adaptation was not observed in studies involving the chronic feeding of diets differing in energy contents to pigs (Ingrain and Evans, 1980) , lambs (Fitzgerald et al., 1982) or rats (Edozien et al., 1978) .
The skeletal manifestations of hypothyroidism are very similar to those of epiphysitis and osteochondrosis, the major growth-related skeletal diseases of horses (Lewis, 1982) . All three diseases are characterized by enlargement of the growth centers and failure of the cartilage to successfully convert to supportive bone, occasionally accompanied by cartilage necrosis and cyst formation (Rooney and New Castle, 1977; Stromberg, 1979) . Thyroxine is specifically required for the maturation of growing cartilage and for the induction of the biochemical changes in the cartilage matrix that allow its replacement by bone (Burch and Lebovitz, 1982) , while insulin stimulates the production of new, immature cartilage (Merker and Gunther, 1979) . Failure to exhibit mild, transient postprandial hyperthyroxemia coupled with stimulated cartilage production could very well explain the paradoxical development of inadequate skeletal support in animals fed excessive amounts of dietary energy or protein.
